Huntington's disease (HD) is an inherited progressive neurodegenerative disease caused by the expansion of a polyglutamine repeat sequence within a novel protein. Recent work has shown that abnormal intranuclear inclusions of aggregated mutant protein within neurons is a characteristic feature shared by HD and several other diseases involving glutamine repeat expansion. This suggests that in each of the these disorders the a¡ected nerve cells degenerate as a result of these abnormal inclusions. A transgenic mouse model of HD has been generated by introducing exon 1 of the HD gene containing a highly expanded CAG sequence into the mouse germline. These mice develop widespread neuronal intranuclear inclusions and neurodegeneration speci¢cally within those areas of the brain known to degenerate in HD. We have investigated the sequence of pathological changes that occur after the formation of nuclear inclusions and that precede neuronal cell death in these cells. Although the relation between inclusion formation and neurodegeneration has recently been questioned, a full characterization of the pathways linking protein aggregation and cell death will resolve some of these controversies and will additionally provide new targets for potential therapies.
INTRODUCTION
Huntington's disease (HD) is one of eight progressive inherited neurodegenerative disorders caused by a common genetic mechanism (reviewed in Harper 1996) . In addition to HD the seven other diseases comprise spinal and bulbar muscular atrophy (SBMA, also known as Kennedy disease), dentatorubral^pallidoluysian atrophy (DRPLA), and ¢ve di¡erent spinocerebellar ataxias (SCA-1, SCA-2, SCA-3 (also known as Machado^Joseph disease), SCA-6 and SCA-7). In each disease the expansion of a CAG trinucleotide repeat within unrelated genes gives rise to an expanded sequence of glutamine residues (polyQ) within the corresponding protein. Disease generally occurs when the number of glutamine residues exceeds 35^40, suggesting that the disease is caused directly by the expanded glutamine tracts rather than by an abnormal function of the protein with the repeats. Perutz et al. (1994) proposed that expanded glutamine repeats might self-associate into aggregates with a b-pleated sheet structure. However, until 1997 such structures had not been reliably observed in any of these polyQ expansion diseases.
Ever since the identi¢cation of the HD gene in 1993 (Huntington's Disease Collaborative Research Group 1993) , attempts have been made to model HD in transgenic mice (see Sathasivam et al., this issue; Bates et al. 1998) . Several lines of mice with a neurological phenotype reminiscent of the human disease that they seek to model have been produced by expressing a construct comprising exon 1 of human huntingtin with (CAG)115 to (CAG)156 repeats under the control of the human huntingtin promoter (Mangiarini et al. 1996) . Immunocytochemical staining of sections from the brains of these mice with antibodies speci¢c for the N-terminus of huntingtin and with anti-ubiquitin antibodies revealed the presence of large numbers of neuronal intranuclear inclusions (NIIs) . Ultrastructurally these inclusions seem to have a diameter of ca. 2mm, to have a pale granular and ¢brous appearance and to be devoid of an encircling membrane. Experiments in vitro (see Hollenbach et al., this issue) have further shown that the transgene-encoded huntingtin protein assembles into ¢brils that show birefringence when stained with Congo red, and is indicative of a b-pleated sheet structure .
After their discovery in transgenic mice, NIIs have now been identi¢ed in post-mortem HD brain Becher et al. 1998; Gour¢nkel-An et al. 1998) . They were found to be immunoreactive with antibodies directed against the N-terminus of huntingtin and with anti-ubiquitin antibodies, but not with antibodies directed against the middle region or the C-terminus of huntingtin. This suggested that it is a truncated N-terminal portion of huntingtin that accumulates in the inclusions. This was supported by the ¢nding that an Nterminal fragment of ca. 40 Da is enriched in nuclear fractions from HD brain . A nuclear localization of huntingtin protein is unlike the exclusively cytoplasmic localization found in previous studies of mouse, monkey or human brain (Bhide et al. 1996; Gutekunst et al. 1995; DiFiglia et al. 1995; Trottier et al. 1995) , although a single report has documented the localization of huntingtin within the nucleus of mouse embryonic ¢broblasts and mouse neuroblastoma cells (De Rooij et al. 1996) . A gain of function, conferred on the N-terminal fragment of huntingtin by the pathological expansion of the polyQ sequence, therefore seems to be entry into (and aggregation within) the neuronal nucleus. The ultrastructural appearance of NIIs in HD was found to be similar to those found in the HD transgenic mouse; the inclusions were highly reminiscent of structures found in an earlier ultrastructural study of biopsy samples of HD brain (Roizin et al. 1979) .
The discovery of NIIs in Huntington's disease prompted studies investigating their presence in other diseases due to the expansion of glutamine repeats. Within the past 18 months, inclusions of aggregated protein have been found in the neuronal nucleus in several other polyQ diseases.
In SCA-3 the 42 Da cytoplasmic protein ataxin-3 is found in ubiquitinated nuclear inclusions within those nerve cells that are known to degenerate in the disease (Paulson et al. 1997a,b; Schmidt et al. 1998) . Ataxin-1 is an 87 Da nuclear protein that contains expanded glutamine repeats in the disease SCA-1. In SCA-1 transgenic mice, the wild-type human protein localizes to several nuclear structures 0.5 m in diameter, whereas the protein with an expanded polyQ sequence is found in a single ubiquitinated nuclear inclusion 2 m in diameter (Skinner et al. 1997) . In post-mortem brain of patients with SCA-1, ubiquitinated 2 m inclusions were present in neuronal nuclei in the regions of the brain a¡ected by the disease. Similarly in the spinocerebellar ataxia SCA-7, caused by the expansion of a polyQ sequence in a 95 Da protein called ataxin-7, NIIs 3 mm in diameter were observed in neurons speci¢cally a¡ected by the disease (Holmberg et al. 1998) . NIIs were immunoreactive with an antibody speci¢c for long polyQ stretches, and were also stained with an anti-ubiquitin antibody.
DRPLA is caused by an expanded polyQ sequence in a 124 Da protein termed atrophin-1. In patients with DRPLA, neurons in the dentate nucleus of the cerebellum have been found to contain NIIs 2 mm in diameter and are of a similar ultrastructural appearance to those found in HD (Becher et al. 1998; Igarishi et al. 1998; Hayashi et al. 1998) . These inclusions contain both atrophin-1 and ubiquitin.
Spinal and bulbar muscular atrophy (SBMA) is caused by the expansion of a polyQ sequence in the 104 Da androgen receptor. In patients with SBMA, spinal and bulbar motor neurons contain ubiquitinated NNIs 1^5 mm in diameter (Li et al. 1998a,b) . They are immunoreactive with antibodies against the N-terminal region of the androgen receptor containing the polyQ sequence, but not with antibodies against the C-terminal region. In addition to these neuronal NNIs, immunoreactive inclusions can be found in several peripheral tissues (Li et al. 1998b) . Both the cleavage and location within peripheral tissues are similar to results found in the HD brain and the transgenic mouse model of HD, respectively (see Sathasivam et al., this issue) .
These ¢ndings indicate that the formation of NIIs is the pathogenic mechanism underlying trinucleotide repeat disorders with expanded glutamine repeats Lieberman et al. 1998) . They also suggest that glutamine tracts over a certain length might be inherently toxic to neurons, irrespective of the proteins in which they are located. This has been tested in transgenic mice with a 146 glutamine repeat stretch inserted into the hypoxanthine phosphoribosyltransferase protein (Ordway et al. 1997) . These mice developed a neurological phenotype that was preceded by the appearance of numerous ubiquitinated intranuclear inclusions in a number of regions of the brain. Expression of either Cterminal fragments of ataxin-3 or N-terminal fragments of huntingtin containing expanded polyQ sequences in neurons in Drosophila have also been shown to lead to the formation of NIIs (Warrick et al. 1998; Jackson et al. 1998) .
We have reviewed brie£y the wealth of recent data that have documented the formation of NIIs in both human disease and transgenic animal models. We shall now describe the temporal sequence of neuropathological changes that occur, after the appearance of NIIs, within neurons of the brain of HD transgenic mice (see Sathasivam et al. (this issue) for a full description of the various lines of R6 transgenic mice). We relate these changes to those found in the human HD post-mortem brain.
NIIs AND NUCLEAR CHANGES
NIIs can ¢rst be detected in sections of brain from R6 transgenic mice with antibodies against the N-terminal region of huntingtin. Initially the nucleus contains a di¡use reaction product consisting of several discrete aggregates of increased staining. Additionally there is increased huntingtin immunoreactivity associated with nuclear pores. Reaction product from immunoreactivity can be found on either face of the pore as well as traversing the lumen. This di¡use nuclear staining condenses, over time, to form a single NII with a loss of immunoreactivity from the surrounding nucleus. These single NIIs can then be detected with antibodies against ubiquitin ; some time later they can be detected by conventional transmission electron microscopic studies. The initial stages of the formation of NIIs cannot be recognized as a discrete structure by electron microscopy. The initial protein components of the NIIs are subsequently added to, as inclusions are later found to be immunoreactive for the 20S proteasome and the molecular chaperone HDJ-2/HSDJ (B. A. Cozens and S. W. Davies, unpublished data; Cummings et al. 1998) . Sequestration of the proteasome has been found within cytoplasmic inclusions in several neurodegenerative diseases (Ii et al. 1997) . The high concentrations of the proteasome found in the neuronal nucleus (Mengual et al. 1996) suggest that proteasome components might become trapped in the intranuclear inclusions, thereby contributing to the demise of the neuron. After the formation of an NII, the nucleolus enlarges progressively . The appearance of an NII within a neuronal nucleus is followed by the invagination of the nuclear membrane (¢gure 1); this can often be quite marked, with the formation of labyrinthine membrane complexes in cerebellar Purkinje cells (S. W. Davies, unpublished data). A similar feature of nuclear membrane indentation in cerebellar Purkinje cells, after the formation of NIIs, has been observed in a transgenic mouse model of SCA-1 (Skinner et al. 1997) .
Invagination of the nuclear membrane seems to be accompanied by an increase in the density of nuclear pores in both conventional transmission electron microscopy and in freeze^fracture preparations (¢gure 1). The increased number of nuclear pores is not associated with any peripheral clumping of the chromatin adjacent to the nuclear membrane, because although chromatin forms dispersed aggregates throughout the nucleus, it does not marginate to the periphery. These prominent ultrastructural changes within the neuronal nucleus (formation of NIIs, nuclear membrane invagination, condensation of chromatin and increased nuclear pore density) have all been reported to occur in post-mortem HD brain (see Davies et al. 1997) .
DYSTROPHIC NEURITE INCLUSIONS
In addition to the nuclear inclusions we ¢nd inclusions of seemingly identical granular and ¢brous structures within dystrophic neuronal processes . These dystrophic neurite inclusions (DNIs) occur within neurites, myelinated axons, vesicle containing preterminal processes or nerve terminals. Immunocytochemical studies show that these inclusions are, similarly to nuclear inclusions, composed of huntingtin and ubiquitin (¢gure 2). The ultrastructural appearance of DNIs in the transgenic mouse are similar to the DNIs originally described by DiFiglia et al. (1997) in HD post-mortem tissue. DNIs are few in number and appear only some time after NIIs in the transgenic mouse brain. This is the ¢rst description of the presence of huntingtin immunoreactivity in inclusions in dystrophic neurites in a transgenic mouse model of HD. DNIs have not been reported in SBMA, DRPLA or any of the spinocerebellar ataxias.
GLIAL INTRANUCLEAR INCLUSIONS
In addition to the more prevalent NIIs and DNIs we additionally observe nuclear inclusions within glial cells. Glial intranuclear inclusions can be found within astrocytes, oligodendrocytes and microglia of the R6/2 and R6/1 lines of transgenic mice (¢gure 3); however, these structures are extremely rare. We have identi¢ed only a few examples of these structures in neuroglial cells. GII have not to our knowledge been described in postmortem human HD, DRPLA, SBMA or SCA brain, although it is of interest that inclusions composed of a-synuclein have been reported in nuclei of oligodendrocytes in post-mortem brain in multiple system atrophy (Papp & Lantos 1994; Spillantini et al. 1998) .
ACCUMULATION OF LIPOFUSCIN
After the formation of NIIs and the other ultrastructural changes within the nucleus and cytoplasm described above, we also see the appearance of frequent accumulations of lipofuscin within the cytoplasm of neurons (¢gure 4d; Davies et al. 1997) . This can be seen even in juvenile mice from 12 weeks old (R6/2 line). Lipofuscin accumulation within neurons is usually associated with normal ageing but has also been found in post-mortem HD brain (Vonsattel & DiFiglia 1998) .
NEURONAL SHRINKAGE
The brains of R6/2 transgenic mice are 19% smaller by weight than those of their littermates . This decrease in size is progressive; shrinkage is not apparent until six weeks of age, and occurs in all regions of the brain. Changes within the brain precede any of the changes that occur in body weight transgenic mouse brain and ¢nd that a marked atrophy occurs in neurons of both neocortex and striatum beginning at around six weeks of age (A. S. Raza and S. W. Davies, unpublished data) . This is progressive until 13 weeks of age. Vonsattel & DiFiglia (1998) have commented that neurons in the HD post-mortem braiǹ contain more lipofuscin and may be smaller than usually expected'; similar observations have been made in the other polyQ diseases.
NEURODEGENERATION
Within the anterior cingulate cortex, dorsal striatum and Purkinje cells of the cerebellar vermis we can ¢nd degenerating neurons (Turmaine et al. 1999) . These cells are of a distinctive darkened appearance and can best be studied either by light microscopy in semi-thin sections stained with toluidine blue or by electron microscopy in thin sections stained with osmium and lead acetate. Neurons within these areas of the brain are darkly stained in either preparation and exhibit both nuclear and cytoplasmic condensation and clumping of chromatin. Subcellular organelles, including mitochondria, seem intact although there is some swelling of the lumen of the Golgi network. The plasma membrane is ru¥ed, giving a scalloped appearance to the darkened cell. All degenerating cells contain a distinctive NII and exhibit extensive invagination of the nuclear membrane; however, there is no fragmentation of either the cytoplasm or the nucleus. We cannot ¢nd any characteristic apoptotic bodies. A detailed analysis of the number of neurons degenerating within the anterior cingulate cortex suggests that degenerating cells persist in this darkened atrophic form for several weeks.
We have repeatedly tried to identify DNA fragmentation within degenerating neurons by labelling them with the terminal deoxynucleotidyl transferase-mediated (TdT) deoxyuridine triphosphate (dUTP)-biotin nick end labelling (TUNEL) method for the determination of DNA strand breaks in situ, but we were unable to ¢nd any labelling of these neurons (Turmaine et al. 1999) .
A uniform ultrastructural appearance of degenerating neurons within de¢ned areas in the brains of HD transgenic mice prompted us to look within these same areas in post-mortem HD brain. We again found dark degenerating neurons, of identical ultrastructural appearance to those found in the transgenic mouse brain. These cells, containing NIIs, were never found to be fragmented into apoptotic bodies nor to show blebbing of the nucleus or cytoplasm.
THE GLIAL RESPONSE
Neurons undergoing dark cell degeneration are eventually surrounded and penetrated by the processes of adjacent astrocytes. These neuroglial cells are similar in appearance to immature astrocytes: they lack prominent glial ¢laments, have a large pale irregularshaped nucleus and have numerous small mitochondria. The ultrastructural feature of a lack of glial ¢laments probably explains the absence of glial ¢brillary acidic protein immunoreactivity (GFAP) investigations seeking reactive astrocytes in the transgenic mouse brain. We can ¢nd no in£ammatory response and no instance of engulfment of fragmented degenerating neurons by macrophages. Rapid engulfment of fragmented cells is another cardinal feature of cell death by apoptosis (Kerr et al. 1972; Wyllie et al. 1980) .
DISCUSSION
The formation of an intranuclear inclusion within a neuron is followed by a de¢ned series of morphological changes, initially within the nucleus and later within the cytoplasm. These can eventually lead to the death of speci¢c populations of cells. Neurons undergoing degeneration do so by a characteristic process that is dissimilar to the well-documented processes of either apoptosis or necrosis. All of these changes that we have so far identi¢ed in the brains of transgenic mice, expressing exon 1 of the human HD gene containing an expanded glutamine repeat, have similarly been found in the human HD brain.
The initial stages of protein aggregation, well de¢ned in vitro , have not been fully characterized in vivo. The development of an NII, recognizable in the electron microscope, clearly requires the recruitment of many additional proteins. We currently know the identity of a few of these: the subunits of the 20S proteasome and associated 19S and 11S activator complexes and the molecular chaperones HDJ-2/HSDJ have been identi¢ed in nuclear inclusions in transgenic mouse models and in post-mortem brain of both SCA-1 and HD (Cummings et al. 1998; B. A. Cozens and S. W. Davies, unpublished data) .
Once fully formed, NIIs seem to provoke a wide spectrum of pathological changes within the cell. These include the complex series of nuclear and cytoplasmic changes that we have described. Within the brain of the HD transgenic mouse, speci¢c populations of neurons eventually die; importantly, these are the same populations of cells that degenerate in juvenile-onset HD (Vonsattel et al. 1985; Vonsattel & DiFiglia 1998; Robitaille et al. 1997; Young 1998) . Thus signi¢-cant pathological change can be found not only in the striatum (Vonsattel et al. 1985) but additionally in the cerebellum Vonsattel & DiFiglia 1998; Young 1998) and in the cortex of the frontal lobes (Monte et al. 1988; Sotrel et al. 1991; Jackson et al. 1995) . The mechanism of cell death is unusual: degenerating neurons lack the classical features that characterize either necrosis or apoptosis (Kerr et al. 1972; Wylie et al. 1980; Clarke 1990 ). The progressive atrophy of the cell with condensation of the nucleus and cytoplasm is unlike necrosis, but reminiscent of apoptosis. However, it is signi¢cant that despite our observation that most of the pathological changes occur in the nucleus, the de¢ning nuclear changes of apoptosis are not found (¢gure 4).
The nuclear events of apoptosis begin with the collapse of the chromatin against the nuclear periphery and into one or a few large clumps within the nucleus. The chromatin becomes progressively more condensed, whereas the nuclear envelope remains morphologically intact. In many cases the entire nucleus condenses into a single dense ball, whereas in others the chromatin buds into smaller balls resembling a bunch of grapes, with each grape' surrounded by nuclear membrane (Earnshaw 1995) . Changes in the chromatin are accompanied by two changes in the nuclear envelope. The nuclear pores redistribute by sliding away from the surface of the condensed chromatin domains and accumulating in the regions between them, and the nuclear lamina disassembles. None of these ultrastructural changes can be found in the nuclei of degenerating neurons in the HD transgenic mouse.
A de¢ning feature of the changes that occur in the chromatin in apoptosis is the formation of oligosomal fragments that can be labelled by the TUNEL method. However, we cannot ¢nd any evidence of fragmentation of the DNA in this manner. This is in contrast to the reports that have documented TUNEL-positive staining of both glia and neurons in post-mortem HD brain (Portera-Cailliau et al. 1995; Brannon Thomas et al. 1995; Dragunow et al. 1995) . However, TUNEL-positive pro¢les in post-mortem tissue are notoriously di¤cult to interpret (Lucassen et al. 1997) . Finally, apoptotic neurons are rapidly engulfed (within days) and phagocytosed by macrophages, whereas the degenerating neurons that we have described persist for long periods (several weeks) and are eventually ensheathed by astrocytic, not microglial, processes. We conclude that this slow pathological process, leading to neuronal death, is di¡erent from either of the mechanisms of cell death described previously.
The transgenic mice that we have reported (Mangiarini et al. 1996; Davies et al. 1997) have helped to elucidate the pathological features of HD. The results presented suggest that these mice demonstrate all of the key pathological features of the disease. They provide us with a unique opportunity to test novel therapeutic agents and to elucidate further the pathway from protein aggregation to neurodegeneration . This novel progressive non-apoptotic process still remains to be fully characterized.
